A novel topology for a high gain two-stage amplifier is proposed. The proposed circuit is designed in a way that the non-dominant pole is at output of the first stage. A positive capacitive feedback (PCF) around the second stage introduces a left half plane (LHP) zero which cancels the phase shift introduced by the non-dominant pole, considerably. The dominant pole is at the output node which means that increasing the load capacitance has minimal effect on stability. Moreover, a simple and effective method is proposed to enhance slew rate. Simulation shows that slew rate is improved by a factor of 2.44 using the proposed method.
Introduction
Operational amplifiers are one of the main building blocks in analog circuits and are widely used in signal conversion, consumer electronics, and communications. Single-stage amplifiers used to be a desirable choice for designers when old CMOS technologies were used. It was mainly because of their high speed, medium to high gain, and stability even with large loads. Gain and output swing of single-stage amplifiers are reduced in modern CMOS technologies, due to reduction of intrinsic gain of transistors and also power supply voltage. Different methods have been proposed in the literature to improve gain in single-stage amplifiers, such as increasing the transconductance and using positive feedback [1] [2] [3] [4] [5] [6] [7] [8] . In these methods, phase margin (PM), output swing or linearity are often traded for gain. However, they still fail to deliver the desired high gain in modern CMOS technologies.
Therefore, to achieve high gain and high swing together, two-stage and three-stage amplifiers started to draw attention. These amplifiers usually have multiple poles and zeros and need frequency compensation. Miller compensation is the most conventional method. The compensation capacitor introduces a right half plane (RHP) zero which degrades PM [9] [10] [11] . Voltage buffers and current buffers are placed in series with the compensation capacitor to eliminate effect of the RHP zero. Voltage buffers limit the output swing, which is a major problem in modern CMOS technologies. Current buffers on the other hand, reduce the voltage gain, increase offset and noise and sometimes require higher current consumption [12] . Moreover, some other methods have been proposed in the literature that reduce the required compensation capacitance which are useful for heavy capacitive loads [13] [14] [15] [16] .
The amplifier proposed in [16] is stable for a specific range of load and closed loop gain. In contrast to Miller compensated amplifiers whose PSRR + approaches 0dB around the gain bandwidth (GBW), the amplifier in [16] improves PSRR + by 21.6dB at GBW, in addition to broadening of PSRR + bandwidth. Having high PSRR + at high frequency is particularly important in mixed-signal systems (e.g. data converters and switched capacitor (SC) filters)
with fast digital sub-systems which generate broadband noise [16, 17] .
Also, bulk-driven techniques are widely used to design amplifiers for lower supply voltages [18, 19] . Although low voltage operation is an important advantage of these amplifiers, increased area, larger input capacitance, larger input referred noise, lower gain, and lower cut-off frequency are some of their disadvantages [18] . A three-stage bulk-driven amplifier is proposed in [18] which has a high gain. However, the amplifier is prone to instability if the load capacitance is increased. Moreover, the main disadvantage of this amplifier is its supply voltage limit which is 0.5V. This is to prevent forward biasing the bulk-source junction.
A novel high gain two-stage amplifier has been proposed in this paper. The amplifier is compensated by a positive capacitive feedback (PCF) around the second stage and does not need a resistor or any additional circuit in series with the capacitor to feed back the output signal .The compensation capacitor introduces a left half plane (LHP) zero which cancels effect of the non-dominant pole at output of the first stage, considerably. Consequently, the dominant pole happens at the output node and stability has low sensitivity to load capacitance. Moreover, PSRR + is relatively high at GBW in the proposed amplifier, and even improves if the load capacitance is increased. Also, a slew rate improvement method is proposed that improves slew rate of the amplifier by a factor of 2.38. In addition, simple and intuitive relationships are presented which fairly approximate locations of poles and zeros. The rest of this paper is organized as follows. Operation principles of the circuit are described in Section 2. Section 3 presents simulation results which demonstrate the circuit performance from various aspects, and also at different process corners and in presence of mismatch. Comparisons with other works in the literature are presented in Section 4. Finally, conclusions are presented in Section 5. In the proposed structure, the first stage has lower gain, higher power consumption and consequently higher speed than the second stage. Therefore the dominant pole happens at the output of the second stage and the non-dominant one at the output of the first stage. A method similar to [20] It is worth to note that the circuit is prone to instability due to use of positive feedback applied by the compensation capacitors. To prevent this problem, measures have been taken which will be explained in Section 2.6. Therefore, we can use NMOS transistors with smaller sizes as input switches in SC circuits and also reduce clock feed-through mismatch [5, 9, 21] .
Proposed two-stage amplifier

Frequency compensation scheme
Circuit description
If the second stage introduces a large capacitance to nodes N 1 and N 2 , pole of the first stage will be brought to lower frequencies and PM will be degraded. However, the cascode structure in the second stage reduces the Miller effect of gate-drain capacitance of M 5 and M 6 on nodes N 1 and N 2 , respectively. Therefore, a smaller compensation capacitor, C C , is required to compensate this effect. resistance by means of the positive feedback they apply to the output nodes. Therefore, no common-mode feedback (CMFB) circuit is required when this topology is used.
Another important feature of this topology is its higher CMRR than conventional fully differential amplifiers that use active load with CMFB circuit. In Fig. 3 , r Oi indicates output resistance of a transistor, where i is index of transistors. In Fig. 3a , ∆V x = -∆V y for differential mode (DM) and if all transistors have the same size, then
. In this case, the resistance seen from output nodes looking down is r O3a ||r O3b =r O3a /2 (Fig. 3b) .
For a CM signal ∆V x = ∆V y and consequently g m3a V gs3a =g m3b V gs3b . The output resistance is simply (1/2g m3a )||(r O3a /2) or approximately 1/2g m3a for a CM signal (Fig. 3c) , which is different from the one for DM. Therefore, output resistance and consequently gain is lower for CM than DM which means a higher CMRR. Mismatch between identically designed transistors can affect circuit performance. As mentioned before, if all devices in Fig. 3a have the same size, the positive transconductance introduced by M 3a (M 4a ) will cancel the negative transconductance introduced by M 3b (M 4b ), and the equivalent resistance of each node will be (1/ g ds3a )||
(1/ g ds3b )=1 / 2g ds3a . However, in presence of mismatch, output resistance of the first stage will generally be:
If g m3b becomes much larger than g m3a due to mismatch, it can cancel the other terms in denominator of (1).
Consequently, R 1 will be negative and the circuit will be unstable. This means that the output will latch in one direction and will remain in that position regardless of the input. 
Choosing M b to be conveniently smaller than M a can guarantee (1) and (2) (1) and (2) always stay positive, and there is no chance of instability. Note that in Fig. 2 body effect is absent because sources of M 1 and M 2 , and also M 5 and M 6 , are virtual ground for DM operation. We can express the differential gain as: 
Differential-mode analysis
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Common-mode analysis
Considering that R O1 and R O7 are much larger than 1/2g m3a and 1/2g m9a , and according to (4), we can express CM gain as: 
The CMRR is defined as CMRR= A d /Av ,CM , where A d is the DM gain, see (3) , and Av ,CM is the CM gain, see (5) . As mentioned in Section 2.2, the proposed structure reduces A v,CM and delivers a higher CMRR.
Positive power supply rejection ratio (PSRR + )
Fig. 4c is used to evaluate effect of power supply voltage variations on output nodes. The voltage source V dd models the power supply variations. We can express the output voltage in terms of V dd as:
The first term in (6) represents the path through the first stage and then the second stage to the output nodes. This path has a gain equal to CM gain obtained in Section 2.4. The second term represents the voltage division between 1/2g m9a and the resistance seen from drain of M 7 in Fig.4c . Finally, we can express PSRR + as:
2.6 Frequency response and stability In this circuit, the second stage is considered as a first order system and effect of the cascode node has been neglected. This is completely safe, since frequency of the pole associated with the cascode node is much higher than other poles and has minimal effect on circuit performance.
The circuit shown in 
Also, according to Fig. 2 
Writing KCL for nodes of the circuit in Fig. 5b gives:
( )
From (14), V 1 can be obtained as:
Substituting V 1 from (15) in (13), differential transfer function of the amplifier can be obtained as:
Where α and β are:
Note that in (16) , the system has a LHP zero at For a second order system, denominator of transfer function can be expressed as:
Assuming that the two poles are well apart and p 1 is the dominant pole, (19) can be simplified to [10] :
Comparing coefficients of S in (20) and denominator of (16), the dominant pole is:
In (21), R 2 is much larger than R 1 and p 1 can be simplified to (22) , which is a good approximation for the dominant pole. This is because the second stage has a cascode structure and a bias current that is much lower than the first stage. Therefore, it has a much higher output resistance, hence R 2 is much larger than R 1 .
For the amplifier to be stable, all poles should be located at LHP. This stability criterion suggests that:
Which gives:
According to (24) , increasing C L improves stability of the amplifier, similar to the case of a single pole structure.
This is in contrast to conventional two-stage amplifiers, in which increasing the load degrades stability [9] [10] [11] .
For the non-dominant pole we can write:
Note that (22) suggests that the frequency compensation method increases bandwidth simply if g m5 R 1 >1. In fact both g m5 and R 1 can be used to increase bandwidth and also DC gain, see (16) . It is worth to note that if we use g m5 to increase bandwidth, the LHP zero will be pushed to higher frequencies and PM will be reduced. In this case we can increase the compensation capacitor to move the zero to lower frequencies to compensate for the reduction of PM.
According to (22) , increasing C C increases bandwidth for g m5 R 1 >1 . If we increase R 1 to increase the bandwidth, (25) suggests that p 2 will be pushed to lower frequencies and PM will be reduced. Similar to the case of using g m5 , we can compensate for this reduction by increasing the compensation capacitor. Therefore, (16), (22) , and (25) provide us with insight on how to employ different parameters to achieve the desired specifications for the circuit. and 127dB, respectively. They are 24.2dB and 24.8dB at GBW, respectively. The -3dB bandwidth of PSRR + is 22KHz which is larger than that of the Miller compensated amplifiers [16, 17] . Table 2 provides a comparison between the estimated values for some of the amplifier parameters and their spice results and indicates a good agreement between the two. Values for C 1 and C 2 as defined in (9) and (10) are obtained from operating point analysis in spice and are 325fF and 137fF, respectively. Table 3 shows effect of C L on some of the circuit parameters. Note that unlike the conventional two-stage amplifiers in which PSRR + approaches 0dB around the GBW, it is more than 24dB in the proposed amplifier. Table 4 presents frequency characteristics of the proposed amplifier at different process corners for C L =5 pF. We have set the compensation capacitors to 0.75pF and swept the load capacitance from 5pF to 100pF. The lowest PM is 46.9˚ which happens at FF corner, for C L =20pF and at GBW of 44.8MHz. If we further increase the load capacitance beyond 100pF, the system keeps stable and acts similar to a single pole system. Fig. 8a shows the proposed amplifier in a unity gain configuration, where C C =0.75pF, C=1pF, R= 5Meg, and C L = 5pF. Fig. 8 Closed loop simulation of the proposed amplifier a Unity gain amplifier b Transient response of the proposed amplifier at 500KHz, 1.8V pp step c Currents of slew rate enhancement transistors Fig. 8b shows the step response of the unity gain amplifier with 1.8V p-p output swing. Note that the proposed method improves SR from 3.55(V/µs) to 8.67(V/µs). As shown in Fig. 8c , M S1 and M S2 sink a small current (less than 1uA) when the circuit is at rest. M S1 and M S2 only sink current at positive and negative peaks of the output, respectively. Also after adding the slew rate enhancement circuit, the 1% and 0.1% settling times for 0.5V input signal are 61.7ns and 79.5ns, respectively. Fig. 9 shows THD of the proposed amplifier in process corners for different output swings, all at 500kHz input frequency. Note that the proposed circuit has better than -54dB linearity at all process corners for output swings up to 1.8V p-p , which means less than 0.2% nonlinearity error. In our design, systematic mismatch can be greatly reduced with proper layout and implementing transistors close to each other. Therefore, there remains only the random mismatch. Let the current in an MOS transistor to be: A is chosen to be 6mv.um and 6.6mv.um for NMOS and PMOS devices, respectively, which are more pessimistic than the typical values provided in [22, 24] for 0.18µm CMOS process. Also, A β is chosen to be 1.04%.um and 0.99%.um for NMOS and PMOS devices, respectively. Fig. 11 shows results of 30 Monte Carlo runs for the proposed amplifier at TT corner. It is worth to mention that for each run, the input referred offset is obtained and applied to the input, so that the DC offset at the output is zero.
Slew rate enhancement
Maximum and minimum A V at different runs are 84.8dB and 80.7dB, respectively. analysis. Fig. 12c shows product of R1 and R2, whose largest variation from the nominal value is less than a factor of two. This shows that the open loop gain is not very sensitive to mismatch (less than 6dB) and agrees with results of Fig. 11 . Table 5 shows that mismatch causes the largest variation in the open loop gain at FF corner, where it is increased by 3dB. Also, mismatch causes the largest variation in GBW at FS corner, where it is increased by 2.34%. At presence of mismatch, the lowest PM is 44°, and happens at FF corner at GBW=46.1MHz for C L =20pF. Also, the largest input referred offset is 3.2mV and happens at FS corner. Also, the maximum and minimum settling times (with 0.1% accuracy) at different Monte Carlo runs are 81ns and 67ns, for 0.5V input signal in a unity gain configuration and C L =5pF. As simulation results show, the proposed amplifier has a good performance at presence of mismatch, which validates correct performance of the differential active load (Fig. 3) , and its immunity to instability. Note that for the sake of safety, the standard deviation of the threshold voltage used in simulations, σ vt , is chosen to be larger than those reported in the literature. Table 6 summarizes main features of the proposed amplifier in Fig. 6 . In [5] , two designs have been presented based on the proposed topology there. Compared to the amplifier in [5] , the proposed amplifier consumes less power and area, but has 28 times higher gain using the same technology.
However, its slew rate is almost 11 times smaller than [5] . It is worth to note that in [5] , we can reduce the bias current to achieve higher output resistance, and consequently higher gain. However, this reduces the slew rate.
Comparison between the two designs of [5] in Table 7 , shows that if we halve the bias current, slew rate will be halved too, but gain increases only 16%. Therefore, if very high gain is desired, the proposed amplifier is superior, since it gives a better slew rate.
Among different amplifier topologies, single stage amplifiers have excellent frequency response [25] . The single stage amplifier in [5] has 20% less power consumption and drives a 10% larger load than the proposed amplifier, whereas they have a same settling time. However, the proposed amplifier has a higher settling accuracy due to its high DC gain, and similar to [5] , does not become unstable when the load is increased. Shortly, the proposed amplifier has a higher gain and lower offset as compared to [5] , whereas their power consumption, settling time and area are almost similar in the same process.
Unlike the two-stage amplifiers in [26, 27] , the proposed two-stage amplifier does not become unstable if the load is increased, although it has two stages of gain. Moreover, compared to the amplifier in [27] which is implemented in 0.13um CMOS process, the proposed amplifier occupies 4 times less area, although implemented in 0.18um CMOS process.
Gain of the two-stage amplifier in [28] is 6 times lower than the proposed amplifier and [28] has lower slew rate.
Regarding the later property, note that in [28] , the load capacitance is 20 times smaller than in the proposed amplifier, whereas its slew rate is only 9.75 times larger. In other words, slew rate in [28] is less than half of this work. Moreover, it can become unstable if the load capacitance is increased.
High gain is especially important in applications such as high-accuracy sigma-delta modulators, or pipeline and flash analog to digital converters [11] . SC integrators used in the loop filter of sigma-delta modulators, need high open loop gain for accurate integration. Amplifiers used in these circuits, usually need 70-80dB gain to reduce phase error and other nonidealities [21, 29, 30] .
Moreover, in mixed-mode circuits where the supply voltage experiences sever variations because of SC and other digital circuits, it is very important to have amplifiers with high PSRR [17, 31, 32] .
In addition, accuracy of center frequency is a challenge for SC filters, because at high frequencies, they are usually sensitive to power supply, process, and bias current variations. Also, amplifiers in these circuits usually need high gain to obtain high Q [33] .
Since the proposed amplifier has a high DC gain and also high PSRR + at high frequencies (near GBW), it is a good choice in the aforementioned applications. Moreover, its bias current being almost constant at different process corners, is another advantage for these applications.
Output voltage of sensors is usually in range of a few microvolts, and amplifiers with more than 40dB closed loop gain, 1% accuracy, cut off frequency of a few KHz, and low offset are usually required for boosting such signals to levels compatible with typical analog-to-digital converters [34] . The proposed amplifier is a good choice for such applications with 82.7dB gain, 22.3 KHz cut off frequency, and low offset.
Conclusions
In this paper, a novel structure for a two-stage high gain amplifier is presented. By applying a PCF around the second stage, effect of the pole at the output of the first stage is considerably reduced and the dominant pole happens at the output of the second stage. The proposed two-stage amplifier has been compared with other works, showing performance improvements in terms of DC gain and area. Moreover, in contrast to Miller compensated two-stage amplifiers whose PSRR + approaches 0dB around the GBW, in the proposed amplifier the PSRR + is more than 24dB
at GBW and even improves if load capacitance is increased. Simple structure, low offset, good performance at presence of mismatch, high linearity, and also low sensitivity of stability to load capacitance are other advantages of the proposed amplifier.
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